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130 ℃下反应 4 h能使苯乙烯达到 77 ％的转化率，产物的分子量控制较
好，实测分子量与理论分子量十分接近，产物的分子量分布较窄。乙酰丙
酮与 TEMPO的最佳摩尔比为 2/1。其分子量可控至 10 万。 





























在三氟乙酸酐的促进下，聚合速率明显加快，130 ℃下反应 17 h可达
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Abstract 
 The control of macromolecular structure has recently become an 
important facet of polymer science from both an academic and industrial 
viewpoint. This interest is driven by the desire to prepare advanced materials 
with new and/or improved physical and mechanical properties combined with 
the realization that control of macromolecular architecture can lead to these 
property improvements. Until recently, synthetically demanding techniques, 
such as anionic, cationic or group transfer polymerization were the only 
available tools to accurately control structural features such as polydispersity, 
molecular weight, chain ends, and macromolecular architecture. While these 
techniques are successful, they are limited by their complexity, rigorous 
synthetic demands, as well as incompatibility with many functional 
groups/monomer units. To overcome these difficulties a range of new 
polymerization techniques based on living free radical procedures have been 
developed in recent years.  
 Of the living free radical techniques developed, the procedures mediated 
by stable nitroxide free radicals, such as 2,2,6,6-tetramethylpiperidinyl-1-oxy 
(TEMPO), have attracted considerable interest. In the presence of TEMPO, 
the free radical polymerization of styrene proceeds with little, or no 
termination to give narrow polydispersity polymers and can therefore be 
considered as pseudo-living in nature. It has been shown that the living nature 
of the nitroxide-mediated process is a direct result of the formation of a 
thermally labile alkoxyamine C-ON bond between the mediating nitroxide 
free radical and the propagating radical chain end. This results in a dormant, 















thermal fragmentation to give the stable nitroxide, and the polymeric radical. 
Significantly, the nitroxide free radical, does not initiate the growth of any 
extra polymer chains but it does react at near diffusion-controlled rates with 
carbon-centered free radicals. Therefore, the polymeric radicals can undergo 
chain extension with a limited number of monomer units to yield a similar 
polymeric radical, in which the degree of polymerization has increased. 
Benefits of this procedure are that the initiating system is extremely stable and 
the reaction conditions require no solvent or rigorous experimental and 
purification techniques. Meanwhile, the procedure does not suffer from the gel 
effect, which may be beneficial for industrial-scale production.  One of the 
major drawbacks of nitroxide-mediated living free radical procedures is the 
long reaction times and elevated temperatures that are required for these 
reactions to reach completion. Typically, living free radical polymerization are 
carried out by heating a bulk mixture of the initiator and monomer at 120~130 
℃ for 36~72 hours. Unfortunately, at these temperatures it has been shown 
that the autopolymerization of styrene can lead to loss of the living character 
of the polymerization process and an inability to reach high molecular weights. 
From an industrial point of view, reaction times of the order of 36~72 hours 
are also not economically attractive. A definite need for the development of 
simple rate accelerating additives therefore exits. Ideally these additives 
should lead to significant rate enhancements, giving reaction times of hours 
not days, provide the same high level of control over molecular weight and 
polydispersity, be compatible with a wide range of functional groups and 
easily removed. Another consequence of using additives to accelerate 
nitroxide mediated living free radical polymerizations is that the influence of 
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up the possibility of preparing very high molecular weight polymers using this 
technique while maintaining control over molecular weight and polydispersity. 
To this end, Georges demonstrated that the rate of the TEMPO-mediated 
polymerization of styrene using benzoyl peroxide as an initiator could be 
increased by the addition of camphor sulfonic acid to the reaction mixture. In 
this case, although the polymerization reached 90 % completion in 
approximately 6 h, the polydispersity was observed to increase with 
increasing amounts of camphor sulfonic acid (CSA). 
 The purpose of this paper is to explore the scope of polymerization rate 
enhancements due to some other additives. 
 Firstly, the observation of strong organic acid CSA having a dramatic 
rate-accelerating effect on styrene living free radical polymerization prompted 
us to try other acids to see whether organic acid was the source of this rate 
enhancement. A number of organic acidic derivatives, such as chloroacetic 
acid (CAA), bromoacetic acid (BAA), 2,4,6-trinitrophenol (TNP) and 
trifluoroacetic acid anhydride (TFA), were briefly examined first. Varying 
amounts of these additives were added to the polymerization of styrene under 
standard conditions. Significantly, only the addition of TFA was found to have 
a dramatic rate-accelerating effect on the polymerization with a conversion of 
85 % being obtained after 4 h. The molecular weight of the polymer gradually 
increased with time and maintained a narrow molecular weight distribution. It 
was found when the molar ratio of TFA to TEMPO is 1/2, the molecular 
weight was controlled well with the molecular weight evolving in a nearly 
linear fashion with increasing conversion. Furthermore, the polydispersity was 
approximately linear with TFA concentration, with increasing TFA 















did not enhance the rate of the nitroxide-mediated polymerizations. 
 Then, Hawker’s observation of rate-accelerating effect of acrylating 
agents on styrene polymerization gave us some enlightenment. It was noted 
that the polymerization rate of styrene was pronouncedly improved by 
performing the reaction in the presence of a β-keto ester, acetoacetic ester 
(AAE) or diethyl malonate (DEM) and a 1,3-diketone, acetyl acetone (AAT). 
Among them, AAT had greater rate enhancement effect and better control on 
styrene polymerization. In 5 hours, the styrene conversion could reach 77 % 
with a narrow polydispersity of 1.23. It is also interesting to note that 
increasing amounts of AAT increased the polydispersities of the crude 
polystyrene, which was in agreement with the effect of TFA. The optimal 
molar ratio of AAT to TEMPO was 1.5~2.0. In addition, AAT offered 
excellent control over molecular weight and polydispersity for molecular 
weight up to 100000. So AAT not only increased the rate of reaction but also 
gave better control at higher molecular weights, a result which was fully 
consistent with decreased influence of autopolymerization. 
Malononitrile (MN) was another additive that had the greatest 
rate-accelerating effect on styrene living radical polymerization we have seen. 
Styrene polymerization at 125 ℃ using a small amount of MN as an additive 
gave 71 % conversion in 1 hour with a polydispersity of 1.26. Significantly, 
the reaction temperature could be reduced to 110 ℃ which was much lower 
for a conventional radical polymerization of styrene. At this temperature, the 
conversion was 49 % sharply contrasted to 8 % in the absence of MN.  When 
the molar ratio of MN to TEMPO is 4/1, the styrene conversion was high and 
the polydispersity was narrow. However, one drawback is that the molecular 
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between theoretical and experimental molecular weight is vast. Through the 
analysis of 1H NMR, it was found the integration ratio of benzoyloxy group to 
alkoxyamine group was more than 1, which indicated that not every polymer 
chain has an alkoxyamine group. This just explained why the molecular 
weight could not be controlled well. 
Interestingly, 2, 2’-bipyridine (bpy) made up for this defect. Bpy was 
found to have no substantial effect on styrene polymerization rates. However, 
the molecular weight was controlled well with a narrow polydispersity. The 
agreement between theoretical and experimental molecular weight was 
excellent for molecular weight up to 90000 with polydispersities less than 
1.20. 1H NMR showed that the integration of benzoyloxy group to 
alkoxyamine group is almost 1/1, which indicated that approximately every 
polymer chain had a single alkoxyamine chain end. This is the reason why 
bpy has a better control on styrene living polymerization.   
This discovery promoted us to examine the behavior of the mixture of 
MN and bpy. The experimental data showed that when the molar ratio of bpy 
to TEMPO is 2/1 and MN to TEMPO is 2.5/1, the mixture not only enhanced 
the styrene polymerizaiton rates, but also gave a better control on molecular 
weight and polydispersity. The polymerization was also shown to proceed in a 
living fashion and showed a linear relationship between molecular weight and 
percent conversion. 
It is a conventional opinion that BPO/TEMPO initiating system cannot 
initiate polar monomers to polymerize in a living fashion. With the 
observation of these additives that has great rate-accelerating effects on 
styrene polymerization, we were interested to examine whether they had any 















methyl methacrylate (MMA) was selected as experimental monomer for its 
simple structure. It was found a small amount of TFA distinctly enhanced the 
rate of MMA polymerization mediated by TEMPO. When the conversion was 
under 40 %, the molecular weight increased with conversion and time. 
However, as the reaction proceeded, the molecular weight stopped increment, 
which demonstrated that some termination reactions occurred. Furthermore, 
when the reaction temperature was enhanced, the rates increased and the 
polydispersities narrowed down. 140 ℃ is the suitable temperature for this 
system. Through the 1H NMR analysis of PMMA, it was found TEMPO was 
partly departed from the main chain, which explained that polar monomer 
couldn’t polymerize in a living manner in the presence of stable free radical. 
 Another great rate-accelerating additive MN that is effective in styrene 
polymerization was tried in MMA system. Similarly, the nitroxide-mediated 
polymerization of MMA was distinctly accelerated by the addition of small 
amount of malononitrile (MN). During the whole course, the polydispersities 
of PMMA were narrow but the molecular weight didn’t increase with 
conversion and time. When the reaction temperature was enhanced, the rates 
increased but when the temperature reached 120 ℃, they stopped increasing 
and began to drop and the polydispersities kept low. 120 ℃ was the suitable 
temperature for this system. The 1H NMR analysis of PMMA showed the 
same result with the experiment above. So it was concluded that although TFA 
and MN substantially accelerate MMA polymerization it is ineffective to 
promote MMA to polymerize in a purely living mechanism. 
 



























化合物), 有  
I
kd 2 R R + M
ki
RM  
(2) 链增长反应 为单体自由基与大量单体逐一加成的过程, 
RMn·  + M RMn+1·  
 (3)链终止反应 是链自由基消失的反应,分为偶合终止和歧化终止, 
Mx·  + My·    Mx+y       Mx· + My·         Mx + My
 
2. 各种活性聚合简介 
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